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(resistivity, magnetoresistance, Hall).  
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Thermo- galvano-magnetic effects

Seebeck effect

Hall effect

Weak field magnetoresistance



Thermoelectric effects
Seebeck effect
Peltier effect (heating/cooling on current flow in contacts)
Thompson effect (heat/cooling in materials with current and T-gradient) 

Thermo- Galvano- magnetic effects 
(electrical and heat current carrying conductor in magnetic field)
Longitudinal and transverse with respect to the current

Longitudinal
Orbital magnetoresistance

Transverse
Hall effect
Nernst effect (transverse voltage with longitudinal heat current)
Ettingshausen effect (transverse temperature gradient) 

And many more! (32 possible combinations!)

A little bit of classification



Seebeck Effect (1821)

Seebeck Effect,  V = VC – VH

Seebeck Coefficient 

The thermal gradient in an isolated conductor 

creates voltage difference (EMF)
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Thomas Seebeck

S is positive when the direction of electric current 

is same as the direction of thermal current, or the 

potential of cold contact is higher than of the hot contact



Thompson Effect

When current flows in a homogeneous conductor

with thermal gradient extra heat is absorbed/released

T+T, QTI=0

T+T, Q± QTI=0
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Thompson coefficient

William Thomson 

(Lord Kelvin)



Peltier Effect (1834)

Heat absorption or release during current flow through 

a junction of dissimilar metals
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In a contact  >0 if the direction of charge and 

heat currents coincide
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Mott formula for thermopower
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transport thermodynamic

Difficult to understand in general case
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 Inverse of effective mass tensor



Simple cases  “good scattering” 

Isotropic Fermi surface

Impurity scattering and T>>D

Here scattering does not have sharp energy dependence
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Diffuse thermopower of free electron gas

The better the metal, EF and S
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S ~ kB/e=87 μV/K, characteristic thermopower unit

In metals S<<kB/e



Semi-Intuitive approach (P. M. Chaikin)
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S=0 in states without entropy

•Superconductivity
•Sliding density waves
•Transport by filled Landau levels (quantum Hall effect)

Summation for several types of carriers
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Semiconductors

“Heat” of the carrier is a distance between 
Fermi energy and valence and conduction band edges

2/"" gg EEEheat  

Since two types of carriers need to sum contributions, 
Correct formula for intrinsic case
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Eg>>kBT,    S~1/T, S>>kB/e=87 μV/K



Thermopower of polarons

Interesting difference between resistivity and thermopower

In both semiconductor and polaron transport resistivity is activated

S=1/T in the first case, S~T in the second

Why? Energy diagram 

Intrinsic
Semiconductor

μ

Polaron

μ

In polaronic case 
there is no change 
of energy between
Initial and final states
S is small 



Why bother measuring thermopower? 

•Information on charge of carriers (not many ways to get!)

•Information of carrier density (indirect)

•Can distinguish cases of real gap and mobility gap

•Can distinguish intrinsic and impurity dominated transport

•Extreme sensitivity to superstructures and short range orderings

These produce anomalies in energy derivative of conductivity







 )(



Supercondcutors, S=0

Lead (S<0.2 μV/K in all range <300K), frequently used for 
High-T calibrations

Phosphor bronze (recent development) 
S~0 (<1 μV/K at 300K, <0.1 μV/K at 20K and below)
Does not depend on magnetic field

Thermocouple materials 
Constantan
-37 μV/K at room temperature
Chromel
Type E thermocouple

Some useful materials for thermopower measurements



4-probe thermopower measurements

T+T T

VC VH

Q

The problem:
T is not only in the sample, 
but in the measuring circuit

Inevitably pick up wire loop 
thermopower

Ways around:
Do not let gradient escape 
into external wires
Close the loop thermally

Inside the measuring loop 
use wires with 
well documented behavior
S=Ssample+Swire(addenda)

V

T  

Tex=0  

Best way: superconducting wires



Optimization parameter: fragile crystals
Problems: thermal drift
Eliminated by slow alternating thermal gradient 





Thermopower under pressure

Both
Type E 
and AuFe-Au thermocouples 
are not very 
sensitive to pressure

Pressure medium establishes
Thermal gradient,
Prohibitive to materials with 
very high thermal conductivity 



Thermopower: Magnetic polarons



Thermopower: Tallon formula

Advantage: all transport varies with doping, 
Only S does not depend on geometric factor!



Henry A. Rowland at 
Johns Hopkins University 

1879 Hall effect 
discovered 

1855-1938
1848-1901

Proved that magnetic field is an effect of an 
electrically charged body in motion 

Hermann von Helmholtz student

THE HALL EFFECT HISTORY:
Hall read in his E and M textbook, written by Maxwell, that the Lorentz force,  acted on the conductor and not 
on the charge itself. 

Rowland: the charges in a metal are positive or negative? 
Are they particles at all or something like a fluid or heat?

You can do anything
with cats



A magnetic field B is employed perpendicular 
to the current direction j, 
a potential difference (i.e. a voltage) develops at 
right angles to 
both vectors.

A Hall voltage UHall

is measured perpendicular 
to B and j

FL = q · (vD × B) 

Charge moving in magnetic feild

vD = µ · E,  
µ = mobility of the carriers 



•Sign of charge carriers
•Concentration and mobility of charge carriers (in combination with resistivity)
•Hall magnetic field sensors (one of the most precise and linear)
•Anomalous Hall effect is used to detect magnetic transitions
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Limitations: 
•Hall effect is a quantitative tool at low fields where it is linear
•In materials with simple and well understood band structure
•When you have no magnetism

Other cases: still useful tool, if you understand limitations!
Difficult to make definite statements  



Measurement of Hall effect
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Expected values Typical numbers 
Metals 
n~1028 m-3

RH~10-9 m3C-1

I=1 mA, B=1 T, d=0.1 mm 
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U~10-100 nV

semiconductors
n~1016-1024 m-3

RH~103-10-6 m3C-1

U~0.1 mV-1 V

Two very different measurements!



Hall effect sample

VR+

VR-

VH

I+

I-

d
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RU HH 

Usually measure not UH

d

B
RR Hxy 

but Hall resistance Rxy=UH/I

Ideal sample
geometry
Hall bar



Measurements

Hall resistance is defined as odd part of Rxy in field

Rxy=Rnonequipotential+RMR+UH/I

Measurements in positive and negative fields, 
Rxy(H)-Rxy(-H)=2UH/I

Ideal case: fixed temperature +H to –H sweep
In reality frequently 2 fixed fields if want T-dependence
Time consuming

Strict requirements for T-drift, Rxy(T)<<Rxy(H) 

Option: sample rotation in magnetic field ( I used in my measurements)
Quick field direction reversal, sometimes impossible (magnetic, SC samples)



Exotic ways to measure: 
Double frequency modulation, use AC magnetic field and AC current
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Very good but sophisticated technique 
demanding for EM interference

Several text books on methods of measuring Hall effect



Van der Pauw technique



Canonical behavior
“good scattering”

Metals 
RH=const(T)
Semiconductors
RH=exp(1/T)

Cuprates 
RH=1/T

Anomalous behavior
Is found quite frequently 
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Projection on current direction
gets shorter, resistivity increases

l=const

Assume 

Cyclotron 
orbit

Weak field magnetoresistance: cyclic motion of electron in B

This is 
equivalent
to Hall angle

V

VH

VH~H

Actually ρ~H2

Why?

l<<Rcyclotron

c<<1

Transverse MR ρ= ρ(H)- ρ(0)
Usually use ρ /ρ(0) 
Typical value
in metals ρ /ρ(0) ~10-4 in 1T
Can be as big as 2 in Bi
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Weak field magnetoresistance

This is 
equivalent
to Hall angle

V

VH

VH~H

The trajectory is cyclotron orbit
until Hall voltage sets in

Transverse electric field 
makes it straight again

If no cyclotron motion, why MR? 
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Kohler rule

For “good scattering” transverse MR is universal function
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The data for same metal are on the same line

Heff is actually the measure of m.f.p./Rcyclotron

Distribution of velocities.

Hall field compensates only average velocity VD

Hot and cold carriers still have bent orbits

Effect becomes second order ~H2, much weaken than it could be 
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Imagine ideal compensation, VH=0
No action of Hall voltage, all trajectories are bent

Much larger MR

Hall effect can become 
B-dependent (non-linear)
if two carrier types have 
different mobilities

This is why Bi has so big MR



Instead of making assumptions on number of carriers and their mobility,
assume these as variables. Analysis analogous to Fourier transformation

Mobility spectrum analysis technique

Need relatively big magnetoresistance to apply



P. M. Chaikin, An introduction to thermopower for those Who Might want
To use it to Study Organic Conductors and Superconductors
Organic Superconductivity
By Vladimir Z. Kresin, William A. Little 
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